In this paper, the design of superconducting-nanowire single-photon detectors which are insensitive to the polarization of the incident light is investigated. By using high-refractive-index dielectrics, the index mismatch between the nanowire and the surrounding media is reduced. This enhances the absorption of light with electric field vector perpendicular to the nanowire segments, which is generally hindered in these kind of detectors. Building on this principle and focusing on NbTiN nanowire devices, we present several easy-to-realize cavity architectures which allow high absorption efficiency (in excess of 90%) and polarization insensitivity simultaneously. Designs based on ultranarrow nanowires, for which the polarization sensitivity is much more marked, are also presented. Finally, we briefly discuss the specific advantages of this approach in the case of WSi or MoSi nanowires.
Introduction
Superconducting-nanowire single photon detectors (SNSPDs) find application today in a wide range of fields [1] , from quantum optics experiments [1] [2] [3] [4] to the characterization of single-photon emitters [5] , from satellite communication [6] to life sciences [7] . In recent years, remarkable progress has been made in boosting the detection efficiency of SNSPDs operating in the near infrared. Using WSi nanowires, a record efficiency of 93% has been attained [8] . More recently, efficiencies well in excess of 80% have been demonstrated with NbTiN [9] and MoSi [10] nanowires.
All these devices make use of a superconducting film, patterned as a meandering nanowire, and enclosed in a resonant optical cavity to enhance absorption. In this configuration, the meandering nanowire acts as a sub-wavelength grating and interacts in different ways with the incoming light according to its polarization. Transverse-electric polarized light, where the electric field oscillates parallel to the longer nanowire segments, is absorbed much more efficiently than transversemagnetic (TM) polarized light, where the electric field oscillates perpendicularly to the longer nanowire segments [11] . It is possible to partly counterbalance this effect by designing wider nanowires, but at the price of degrading the internal efficiency. In practical devices operating in the near infrared, the width rarely exceeds 100 nm for NbTiN, and 120-130 nm for WSi or MoSi nanowires. In the mid-infrared, a spectral region where many potential applications are emerging [12, 13] , even narrower nanowires are needed so as to cope with a reduced photon energy, and thus TM absorption becomes even weaker.
In order to achieve polarization insensitivity, it has been recently proposed to embed the superconducting nanowire within a thin (∼25 nm) film of high permittivity material, such as silicon [14] . In this reference, the so-embedded nanowire is placed in a cavity to boost both TE and TM absorption efficiencies. Although polarization-insensitivity over a wide wavelength range is actually predicted, such a design would be very difficult to implement in practice: after embedding the nanowire in the thin Si film, the surface would need to be perfectly planarized, in order to realize a 54 nm-wide Si nanowire grid on top. Furthermore, the presence of silicon prevents the use of this design for detectors operating below the wavelength of 1.1 μm.
In this paper, we introduce novel microcavity designs which provide both high absorption efficiency and TE-TM polarization insensitivity. We show that the insertion of a simple layer of high-index (n>2) dielectric material, either placed below or above the superconducting nanowire, enables to compensate the TE-TM absorption efficiency difference to a very large extent, and is fully compatible with the use of a microcavity to maximize both absorption coefficients simultaneously. This approach leads to simple designs, rather close to those already in use from a fabrication point of view, which should greatly facilitate their practical implementation in commercial devices.
After introducing the optical model in section 2, we briefly discuss in section 3 the physical reasons that make high-refractive-index dielectrics a key resource for polarization insensitive SSPDs, and we analyze by finite-difference time-domain (FDTD) simulations the effect of the surrounding media indices on the absorption efficiency of the nanowire. In section 4, we apply these basic principles to the simplest cavity architectures, and propose an innovative, easy-to-realize design which offers polarization-insensitive absorption efficiency in excess of 90% using an NbTiN nanowire. Finally, in section 5 we present a cavity design where a narrower NbTiN nanowire is used, and briefly discuss the specific advantages of this approach in the case of WSi or MoSi nanowires.
Optical model and simulation method
In figure 1 the simplest simulated structure is schematically represented. It consists of a 7 nm-thick meandering NbTiN nanowire sandwiched between a substrate and a superstrate. The nanowire segments are 100 nm wide, the gap between two adjacent nanowire segments ('meander gap') is 100 nm as well. The 'gap filling', i.e. the dielectric material filling the meander gap, is the same as the superstrate material.
For the purpose of calculation, the device is modeled as an infinite grating, as shown in figure 1(b) , and the incident light is approximated by a plane wave. FDTD calculations have been performed using the commercial software RSoft FullWAVE [15] . The simulation considers a single grating period with in-plane periodic boundary conditions. The top and bottom domain boundaries are 0.2 μm-thick perfectly matched layers (PML). A non-uniform graded grid is used: the grid is finest inside the thin nanowires (0.7 nm in z) and close to the layer boundaries (1 nm in x, 0.7 nm in z). The coarser grid size is 10 nm, both in x and z. The absorption efficiency is calculated, once the steady state is reached, by subtracting from the input power the power reaching the top PML boundary due to reflection, and the transmitted power reaching the bottom PML boundary (or the power absorbed by the backside mirror, if any).
The wavelength-dependent complex refractive indices used in the calculations were taken from literature. [15] , and 0.57+i9.66 for Au [15] .
In some device designs described in sections 4 and 5, it is assumed that the light is propagating in air (refractive index=1.00) before impinging on the device. This assumption provides a good description of devices which operate in a closed-cycle cryocooler, since the index difference between air and vacuum is very small (≈ 3×10 −4 ).
The same applies for devices operating in helium gas. On the contrary, if the devices are immersed in liquid helium, the difference in refractive index (liquid He index = 1.03) could lead to a small discrepancy in the final result (e.g. <0.7% deviation for TM polarization in figure 2(b)).
Polarization sensitivity and surrounding media indices
The absorption of an optically thin metallic film is not only a function of the film complex refractive index, but also of the substrate and of the incident medium ('superstrate') indices [17] . In the case of a subwavelength grating, the absorption can be modeled using the effective medium theory (EMT) [18, 19] , which approximates the grating by a uniform birefringent film with different refractive indices for TE and TM radiation. However, if we consider a grating of metallic wires, EMT works for TE-polarized light, but fails for the TM polarization [17, 20] . When excited by TM-polarized light, the electric field distribution in the nanowire is highly inhomogeneous. If the gap between two wire segments is filled by air, there is a field minimum in the nanowire, close to the boundaries, and a gradual increase of the field intensity towards the nanowire center. The cause of this gradient is the permittivity mismatch between the surrounding medium (air) and the nanowire. Maxwell's equations impose that the normal component of the electric displacement vector D is continuous at the interfaces: since D is the product of the material permittivity constant ε and the electric field E, a mismatch in ε leads to a mismatch in E. It follows that, to enhance the electric field in the nanowire, i.e. to enhance TM absorption, the permittivity mismatch between the surrounding dielectric and the nanowire should be reduced [14] .
Since the superconducting nanowire is made of a strongly radiation-absorbing material, which implies a complex refractive index, index matching is not trivial. To avoid radiation loss, only dielectrics with purely real index can be considered as potential 'matching' material. Even if perfect index matching is not possible for these materials, significant improvement can be achieved, as it will be shown in the following.
In figures 2(a) and (b) the nanowire absorption efficiency is calculated as a function of the substrate and the superstrate indices, for TE and TM radiation respectively. The two plots differ significantly only in the lower left corner, i.e. when both superstrate and substrate indices are low. This feature is highlighted in the polarization-sensitivity plot of figure 2(c). The polarization sensitivity is defined as: S = (η abs,TE − η abs,TM )/(η abs,TE + η abs,TM ), where η abs,TE and η abs,TM are the absorption efficiencies for TE and TM polarized light, respectively. For superstrate and substrate indices close to 1, S is maximum (high TE absorption, low TM absorption). Increasing one or both indices, on the other hand, reduces the polarization sensitivity, which can be close to zero when both indices exceed 2.5.
As pointed out earlier, in these calculations the gap filling index is the same as the superstrate index, as it is the case in real front-injection SNSPDs. In backside-injection devices, on the other hand, light is injected from the carrier wafer backside. Sticking to the definitions given in figure 1(b) , it follows that the carrier wafer is the 'superstrate' (i.e. the material through which the photons propagate before impinging on the wires), while the dielectric material which encapsulates the nanowire acts as the 'substrate'. In this configuration, the 'gap filling' material will be the same as the 'substrate' material, i.e. the encapsulating dielectric. If the calculations are repeated by choosing the gap filling index to be the same as the 'substrate' the trends are roughly the same, as shown in figure 2(d) : the color map, illustrating the dependence of sensitivity over substrate and superstrate indices, is very similar to the one in (c), only with the x and y axes inverted. It is important to keep in mind that the influence of the gap filling index on TE absorption is negligible, and it is the TM absorption that varies, being favored by higher gap filling indices. For the considered index range the difference in TM absorption can be as large as 20%.
According to the calculations in figure 2 , the maximum possible polarization-independent absorption efficiency of a 7 nm thick NbTiN wire, in absence of cavity, is achieved for a substrate index of 1 and a superstrate index of about 3. The simplest practical implementation of this design would be a backside injection device, where the nanowire is fabricated on a Si carrier wafer (index 3.47) acting as the 'superstrate'. In this configuration, the 'substrate' and the 'gap filling' materials would be air (index=1), and the absorption efficiency can be calculated to be 38.3% for TE, 38.9% for TM (not shown).
Polarization insensitivity in simple cavity structures
In order to enhance the absorption efficiency, different cavity designs can be found in the literature. The simplest cavity consists of a backside reflector, such as a metallic mirror, and of a quarter-wave 'spacer', usually made of silicon dioxide [9, 11, [21] [22] [23] [24] [25] [26] . We study here the impact of the spacer and superstrate indices on the nanowire absorption efficiency. We consider a nearly perfect reflector as backside mirror (index 0+i1000), and a spacer thickness of exactly λ/4n spa , where λ is the vacuum wavelength and n spa the spacer index. The calculations results, shown in figures 3(b) and (c), indicate that the spacer index has no impact on TE absorption, whereas high-index materials should be preferred to enhance TM absorption.
It is important to note that the optimum optical thickness of the spacer is different for TE and for TM, since the cavity resonance is modified by the birefringent behavior of the grating. Moreover, the optimum optical thickness of the spacer changes as a function of the spacer index (slightly for TE, but more significantly for TM) as shown in figures 3(d) and (e). The optima are farther apart when the index is low, but they get closer to λ/4n spa and to each other for higher index.
According to these calculations, high-index dielectrics should be preferred for the fabrication of polarization-independent SNSPDs. Similar conclusions were drawn in [27] , where a design was proposed in which the nanowire would be directly patterned on top of a Si spacer, and a gold mirror would be deposited on the backside after deep silicon etching. The proposed realization of this structure is however challenging, since the use of silicon-on-insulator is needed to provide an etch stop. Furthermore, as pointed out previously, the use of Si precludes the use of this architecture for wavelengths below 1.1 μm.
In figure 4(a) , we propose a new design which can achieve similar performance, but is much simpler to implement. A high-index front layer ('matching layer') is deposited on top of the traditional SiO 2 /Au cavity, in order to reduce the index mismatch and allow highly efficient TM absorption. The effect of the matching layer on TE absorption is minimized by setting its thickness to λ/2n ML , where n ML is the refractive index of the dielectric material used in the matching layer. Figures 4(b) and (c) present the calculated nanowire absorption efficiency for TE and TM polarized light, respectively, as a function of the refractive indices of the spacer and matching layer. It is important to highlight that figures 4(b) and (c) are calculated for a constant optical spacer thickness of exactly λ/4n spa . Once a material is chosen for the front matching layer, it is possible to further tune the absorption by adjusting the spacer thickness, as shown in figure 4(d) , until polarization-insensitivity is achieved.
The simplest realization of this cavity architecture makes use of a gold mirror, a SiO 2 spacer, and a 344 nm thick TiO 2 front matching layer. By tuning the SiO 2 spacer thickness to 216 nm, it is possible to achieve a polarization-insensitive absorption efficiency of 90.8% at the target wavelength of 1.55 μm, as shown in figures 4(d) and (e). Even higher polarization-independent absorption efficiencies can be achieved by using higher-index dielectrics. For example, the SiO 2 spacer could be easily replaced by TiO 2 , so that the nanowire is fully embedded in TiO 2 , boosting the polarization-insensitive absorption efficiency to 92.7%. Note that the TiO 2 refractive index is considered in this paper to be 2.25, but it can be increased above 2.4 by adjusting the material deposition parameters [28] . This would lead to a further increase of the absorption efficiency.
Narrow nanowires and low-absorption superconducting materials
As pointed out earlier, there is great interest in efficient midinfrared detectors based on narrower superconducting nanowires. However, the TM absorption efficiency quickly drops when decreasing the nanowire width. Furthermore, to cover the same spot area, either much longer nanowires are needed, or the fill factor needs to be reduced, which would further decrease the absorption efficiency. By combining high-index dielectrics and a stronger cavity, it is possible to realize polarization-insensitive narrownanowire detectors with high detection efficiency, even if the fill factor is reduced. Let us consider for example the cavity design in figure 5(a) . The nanowire width is reduced to 50 nm whereas the gap is kept at 100 nm, so that the fill factor is decreased from 50% to 33%. Decreasing the fill factor to 33% or below has the further advantage that the radius of the 180°bends of the meandering nanowire can be optimized to avoid current crowding at the corners [29] , which has a positive impact on the device performance. In this design, the nanowire is embedded in a high-index cavity made of TiO 2 . Since the nanowire absorption is weaker than in the previous examples due to the lower fill factor, a front mirror, made of one SiO 2 /TiO 2 pair, is added to the front-side. The backside mirror is made of Au. As shown by the calculations in figure 5(b) , by optimizing the layer thicknesses the peak polarization-independent absorption efficiency can reach 84.1%.
An important loss mechanism in this architecture is the absorption of radiation by the Au mirror, which is as high as 4.1% for TE and 8.1% for TM at 1.55 μm. The detection efficiency can be slightly improved, up to 85.7%, by using an Ag mirror instead. The use of a TiO 2 /SiO 2 Bragg mirror is not advisable, since the TE and TM absorption peaks would become spectrally narrower, and hence the polarizationindependent absorption would be less efficient (i.e. the crossing point of the two curves in figure 5(b) would shift downwards). Further improvements of this structure would be possible, as for the one presented in section 3, by using higher-index dielectrics.
Finally, it is interesting to consider the case of WSi and MoSi nanowires, which are reported to show lower polarization dependence that NbN or NbTiN. This is partly due to the fact that, in the reported devices [8, 10] , wider and thinner MoSi and WSi nanowires have been implemented. In addition, the imaginary part of the refractive index of MoSi and WSi is lower than that of NbN/NbTiN, which further reduces the polarization sensitivity at the price of a decrease of the TE absorption efficiency for the same nanowire dimensions. Nonetheless, the basic principles presented in this paper are still valid for devices based on WSi and MoSi nanowires. Higher-index dielectrics in proximity of the nanowire enhance TM absorption and cause a spectral shift of the TE and TM absorption peaks that brings them closer to each other. However, a stronger microcavity is needed to bring the efficiency close to unity.
As an illustration, let us consider for example the cavity structures in figures 6(a) and (c), which use the same materials and the same nominal nanowire geometry as reference [8] (4.5 nm thick, 120 nm wide WSi nanowires, 80 nm meander gap). The design in (a) makes use of a ten-period Bragg backside mirror and a two-period front dielectric mirror, tuned to achieve the highest possible polarization-insensitive absorption. The design in figure 6(c) is conceptually identical, with the addition of two high-index inner cavity layers on both sides of the nanowire. The results in figures 6(b) and (d) show that in the first case the absorption maxima are further apart, and the maximum achievable polarization-insensitive absorption efficiency is slightly below 98%. For the cavity making use of TiO 2 inner layers, on the other hand, a polarization-insensitive absorption efficiency of about 99.5% could be reached.
Summary and conclusions
In this paper, the interest of using high-index materials for the realization of SNSPDs has been shown. High-index dielectric layers in proximity of the superconducting nanowire reduce the index mismatch between the nanowire and the surrounding medium, considerably enhancing the absorption efficiency of TM polarized light. In a detector consisting of a 7 nm-thick NbTiN nanowire, absorption efficiencies approaching 40% for both TE and TM polarized light can be achieved by simply fabricating the nanowire on bare silicon (index 3.47).
By enclosing the nanowire in an optical cavity, TE absorption efficiencies approaching unity can be easily achieved. High-index dielectrics can be used, in this case, to boost TM absorption and realize highly efficient polarizationinsensitive detectors. An innovative design is proposed in this paper, where a high-index front layer is added to a simple SiO 2 /Au cavity. This device would achieve polarizationinsensitive absorption efficiency in excess of 90%.
High-index dielectrics are especially useful when dealing with ultranarrow nanowires (well below 100 nm in width), where TM absorption is particularly inefficient. A design making use of a 50 nm-wide meandering nanowire has been shown, where polarization-insensitive absorption efficiency of about 85% can be achieved, thanks to the high-index cavity, in spite of a low fill factor (33%).
Finally, polarization-sensitivity is usually less marked in WSi or MoSi-based detectors, since they typically make use of wider and thinner nanowires, but also because the absorption coefficient of these materials is lower than that of NbTiN. The advantages of using high-index dielectrics are therefore less marked for this kind of SNSPDs. Nevertheless, by using high-index dielectrics in proximity of the nanowire, it is possible to achieve absorption efficiencies which go beyond what is theoretically possible with low-index dielectrics (such as SiO 2 ). A design making use of a wide WSi nanowire and TiO 2 inner cavity layers has been shown, which can achieve polarization-insensitive absorption efficiency of 99.5%, while the 'classical' design based on SiO 2 is limited by theory below 98%.
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